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I nt r Jd uc  t ion 

This  r e p x t  summarizes progress 39 NASA G r a n t  NGR-05-009-030 

d u i n g  t h e  f i r s t  annual period Mar2h ic /66-~arch 1967. We include here in  

material contained a l s o  i n  t h e  f i r s t  s e m i a n n u a l  repor t .  

During t h i s  year,  3 u r  pulsed MPD a rc  f a c i l i t y  has  been cJnstriicted 

and put i n t o  operation. 

ing a complete mapping of t h e  electromagnetic f i e l d  s t ruc tk re  i n  the  a r c  

has  been made; i n  p a r t i c u l a r ,  we have found t h a t  t h e  discharge has  t h e  

f.1:r.m af a spoke between anode and cath.>de which r ) t a t e s  with grea t  reg - 
l a r i t y  a t  a gyrat ion frequeacy 3f t y p i c a l l y  30 kc. 

mappings) are s t i l l  inc3mplete i n  many respec ts ,  and, f irthermDre, have 

been dJne 2nly at one p a r t i c u l a r  operat ing condition of t h e  device.  We 

have, however, made these  f i r s t  measurements at conditi2tis whii3h seem t o  

be t y p i c a l  of those  under which many D.  ( .  devices  are rLln. 

Considerable p r i g r e s s  t ward our goa l  of achiev- 

These d a t a  ( t h e  f i e l d  

A. System Design 

A - 1  Accelerator Design 

The purpose of  t h i s  program i s  t o  determine, as far as possible ,  

the i n t e r i o r  physical  c h a r a c t e r i s t i c s  of an  Mm) a r c  which i s  i t s e l f  

r ep resen ta t ive  of  t h e  a r c s  being invest igated f o r  poss ib le  t h r u s t  o r  

appl ica t ion .  Probes are t o  be our main diagnost ic  t oo l ,  a t  least  i n i -  

t i a l l y ,  and thds,  if these  probes are tc:  survive i n  t h e  - 100 kw a x  

environment, t h e  current  flow must be held t o  short  pulses.  Short piilse 

opera t ion  also has  t h e  advantage t h a t  given a s u f f i c i e n t l y  l a rge  vacuum 

tank, t h e  background pressure w i l l  not have a chance t o  r i s e  s ign i f i can t ly  
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even i f  t h e  pumping system i s  slow; t h i s ,  conditions more r ep resen ta t ive  

of a space environment can be maintained. 

A caution which must be exercised when employing pulsed operation, 

however, i s  t h a t  a t rue  steady s t a t e  m u s t  be achieved during t h e  pulse 

i n  order t h a t  t h e  observed a r c  behavior may be taken as representa t ive  of 

D. C. devices. Voltage, current,  gas  flow, and f i e l d  d i s t r i b u t i o n s  mus t  

hold steady during a major p a r t  of t h e  "on t i m e . "  

We have selected 500 microseconds as a pulse  length which i s  probably 

much longer than any t y p i c a l  MHD or electrodynamic t i m e  cons tan ts  of t h e  

system, ye t  far shor t e r  than the  t i m e  it should take  t o  harm a probe. 

During t h i s  t i m e ,  moreover, t he re  should be no re turn ing  pressure wave 

from t h e  far end of o w  8-foot tank, so a good vacuum should be maintained. 

A half-mill isecond is ,  however, far too  short  a t i m e  i n  which t o  heat 

t h e  t y p i c a l  so l id  tungsten cathode t o  thermionic emission temperatures. 

For t h i s  reason, w e  have inccrporated in to  our design concept a "flash- 

heated" cathode of  t h i n  tungsten sheet, which i s  brought t o  emission 

temperature i n  a f r a c t i o n  of a second j u s t  p r i o r  t o  t h e  discharge. 

i n  order  t h a t  t h e  i n t e r i o r  of t h e  discharge region might be mapped 

with acceptable r e so lu t ion  with r e a l i z a b l e  probes, it was decided tg make 

t h e  o v e r a l l  s ca l e  s i z e  of t h i s  device considerably l a r g e r  than what might 

be ca l led  t y p i c a l  of MPD arcs. 

much simpler than  u s u a l .  It was recognized t h a t  t h i s  departure c a r r i e s  

with it some hazard of producing a t y p i c a l  a r c  operation, also; however, 

t h e  design selected can be e a s i l y  modified by simple e lec t rode  i n s e r t s  

i n  order t o  approximate ex i s t ing  arcs, and so t h e  design was not regarded 

as t o o  much of a gamble. 

The geometrical configuration i s  a l s o  

(The ultimate j u s t i f i c a t i o n  f o r  t h e  design has  

2. 



been, hDwever, t h a t  q u i t e  representa t ive  MPD a r c  2perat iJn has  been 

achieved, as w i l l  be described l a t e r . )  

The f i n a l  novel design requirement generated by our pz lse  m3de i s  

3ne f o r  a fast-2pening gas  f b w  system which w i l l  e s t a b l i s h  a very ani-  

form flow su i t ab le  f o r  t h e  a r c  i n  a time subs t an t i a l ly  shor te r  than two 

sonic t r a n s i t  t imes af  t h e  vac:ium tank. 

A-2 System Details 

Figure 1 shows t h e  acce lera tor  s t ruc ture ,  ove ra l l .  The cy l ind r i ca l  

anode i s  a s t a i n l e s s  tube, 3.75 i n .  ins ide  diameter, f i t t e d  t i g h t l y  in s ide  

a n  alumina cyl inder  of 4.25 in .  ou ts ide  diameter which i s  cant i levered 

upon a nylon p l a t e  on t h e  hinged cover p l a t e  of t h e  vac:un tank. A n a r r D w  

f lange  at  t h e  outer  end of  t h e  anode supports a vacuum sea l .  The b i a s  

f i e l d  c o i l ,  pot ted ins ide  a s lo t ted  aluminum housing, rests near t h e  end 

of t h e  support insu la tor .  

I n  Figure 2, t h e  cathode and in su la to r  can be seen. The cathode i s  

a 1 em wide band of O.OO5" tungsten bent i n t o  a "hairpin",  and clamped 

t o  t h e  t.wo halves  of 9. split stainless s t e e l  s q p r t  rod. The i n su la to r  

performs t h e  funct ions of :  a )  supporting t h e  cathode StrLictlire and 

indula t ing  it from t h e  anode; b )  providing a vacuum b a r r i e r  between t h e  

discharge region and t h e  atomopheric pressure region behind it; e )  hDusing 

t h e  gas supply system. 

F ig  ire 3 shows t h e  insu la tor  and gas  supply system i n  f , i l l  sca le .  

The in su la to r  i s  machined from "Mikr)y," a type of ceramic made from a 

f i n e l y  divided and c2mpacted g l a s s  and mica mixture. Beneath t h e  stainless 

p l a t e  which i s  cemented t o  i t s  rear  surface,  t he re  i s  a n  a n n i l a r  1-hamber 
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of about 1 ern square c r o s s  section which feeds  a set of twelve conica l  

nozzles i n  t h e  f ron t  face.  Gas i s  dumped i n t o  t h e  annular chamber from 

a small (- 1 c m  3 ) high-pressure plenum by a very fast magnetic e w e  

valve. The valve, pulsed by a 20 vo l t ,  10,000 microfarad e l e c t r o l y t i c  

capacitor and SCR switch, achieves f u l l  opening i n  less than 200 micr3- 

seconds. 

The cathode assembly i s  shown i n  Figure 4. The two halves of  t h e  

main supply conductor are cemented t o  a t h i n  f i b e r g l a s s  separator, and 

potted ins ide  a n  alumina sleeve. This s t ruc tu re  achieves a vacum 

seal against  a s t ep  i n  t h e  bore of t h e  Mikroy in su la to r  by means of 

t h e  O-ring at t h e  end of  t h e  alumina sleeve. It extends rearward beyond 

t h e  main tank w a l l  t o  a point where t h e  main conductors from t h e  cathode 

heating supply and discharge pulse supply b o l t  t o  t h e  s p l i t  rod. 

This external connection area at  t h e  rear of  t h e  acce le ra to r  i s  

seen i n  Fig. 5 .  

conta ins  a transformer which supplies t h e  cathode heating pulse. 

cathode cold a t  t h e  beginning of t h e  pulse, approximately 200 amperes are 

drawn from t h e  220 v o l t  primary l i n e  fm  t w 2  or t h r e e  cycles; as heating 

progresses, however, t h e  load res i s tance  increases, and at t h e  end o f  0.3 

t o  0.4 seconds, t h e  t3tal load power, now balanced e n t i r e l y  by thermal 

rad ia t ion ,  i s  about 3kw. A welding-type SCR cont ro l  c i r c u i t  switches 

t h i s  primary pawer. 

The rectangular box on t h e  table beneath t h e  l a rge  f lange  

With t h e  

The aluminum s t r a p s  which bring up t h e  cathode heating p3wer con- 

t i n u e  upward pas t  t h e  acce lera tor  connection and are attached t o  ,one end 

of t h e  secondary winding of t h e  pulse transformer which rests on t h e  top  

frame. Each of t h e  two s t r a p s  i s  a c t u a l l y  bolted a t  t h i s  point t o  t h e  

4. 



anode of a l a rge  s i l i c o n  rectifiers; t hese  two r e c t i f i e r s  have t h e i r  

cathodes t i e d  together and t o  t h e  transformer secondary. I n  t h i s  way, 

both s ides  of  t h e  cathode s t r a p  receive t h e  main pulse current i den t i -  

ca l ly ,  since i n  t h i s  c i r c u i t ,  t he  two r e c t i f i e r s  are i n  p a r a l l e l .  Y e t ,  

as far as t h e  A.C. heating pulse i s  concerned, t h e  r e c t i f i e r s  are back- 

to-back, and so t h e  two s ides  of t h e  hea t ing  c i r c u i t  are not shorted 

by t h e i r  comon connection t o  the  pulse transformer. 

The transformer itself has  t h e  function of matching t h e  discharge 

impedance, which i s  i n  t h e  50 t o  100 milli-ohm range, t o  t h e  pulse f 3 r m -  

ing network which serves as t h e  energy source. It i s  q u i t e  d i f f i c u l t ,  i n  

terms of component values, layout inductance, and switching, t.1 b u i l d  a 

0.05 ohm, 100 v o l t  pulse l i n e ,  where an  impedance of  5 ohms, f o r  example, 

i s  almost t r i v i a l l y  easy; thus, t h e  transformer. 

The transf7rmer i s  w3md on an 0-c3re of 2-mil lamination thickness, 

which weighs about 40 pounds. 

6-in. wide s t r i p s  of 10-mil aluminum. The primary has  50 t u r n s  of two 

th icknesses  each, and t h e  secondary has  7 t u r n s  of 12 thicknesses.  A s  

can be seen i n  Fig. 5 ,  t h e  12-layer secondary conductor i s  brought 

d i r e c t l y  out from t h e  transformer and bol ted  t o  t h e  anode flange at t h e  

rear of t h e  acce lera tor .  

The windings are made up of sandwiched 

The 5-0h pulse l i n e  has six sections,  each with C = 8 pfd, and 

L = 200 ph, and can be charged t o  4 k i l o v o l t s  if necessary. 

serves as t h e  switch. 

An ign i t ron  

Energy f o r  t h e  b i a s  f i e l d  c o i l  i s  supplied by a 200 microfarad 

bank which can be charged t o  1 k i lovo l t .  

a t t a i n a b l e  i s  2400 gauss. 

A t  present, t h e  maximum f i e l d  
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Figure 6 i s  a general  view of t h e  e n t i r e  i n s t a l l a t i o n .  The vacuum 

tank i s  of 1/4" s t a i n l e s s  steel, and i s  4' i.d. and approximately 8' 

between t h e  ends a t  t h e  ax is .  The pumping system cons i s t s  of a 140 cftn 

Stokes forepwnp and a 16" NRC oil d i f f u s i o n  pump with a l i q u i d  nitrogen 

chevron cold t r ap .  

The r e l a y  racks contain vacuum con t ro l s  ( r i g h t  bay) and power, 

control,  and delay c i r c u i t s  f o r  t h e  acce le ra to r  are i n  t h e  center  bay. 

The pulse l i n e  and bias energy banks a r e  a l s o  contained i n  these  bays. 

An ex te rna l ly  controlled,  hydraul ica l ly  operated probe car r iage  i s  

i n s t a l l e d  in s ide  t h e  tank i n  f ron t  of t h e  acce lera tor  pos i t ion ,  and allows 

mapping i n  t h e  r-z plane which includes t h e  acce le ra to r  axis.  A range of 

about 20 cm along e i t h e r  coordinate can be covered with t h e  ex te rna l  con- 

t r o l s .  

Fig. 7. 

ground i s  a beam analyzer which has j u s t  been put i n t o  operation a t  t h e  

wr i t i ng  of t h i s  report .  

This ca r r i age  i s  seen i n  t h e  general  i n t e r i o r  view of t h e  tank, 

The c y l i n d r i c a l  ob jec t  hanging from t h e  tank c e i l i n g  i n  t h e  fore- 

A-3 Operating Sequence 

Several functions, a l l  t r ans i en t  i n  nature, must be ca re fu l ly  synchron- 

ized f o r  proper operation of t he  acce lera tor .  

following: 

The a c t u a l  sequence i s  t h e  

1) The system f i r i n g  switch a c t i v a t e s  t h e  cathode heating pulser.  

A square switching pulse, var iab le  i n  width between 0.1 and 0.5 seconds, 

i s  generated i n  t h i s  c i r c u i t ,  and i s  used i n  two ways. F i r s t ,  t h e  pulse 

i t s e l f  t u r n s  on t h e  SCR which feeds 220 vo l t  A.C. t o  t h e  hea ter  transformer; 

secondly, t h e  drop t o  zero a t  t h e  end of t h e  pulse  i s  d i f f e ren t i a t ed  t o  

6 .  
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Fig. 7. I n t e r i o r  of tank. The s t ruc ture  on the  tank f loo r  is t he  
two-axis hydraulic probe carr iage.  
analyzer i s  in t he  upper foreground. 

The e l e c t r o s t a t i c  beam 



produce a timing f iduc ia l  which i n i t i a t e s  a l l  other  events. 

main  system i s  f i r e d  a t  t he  ins tan t  t he  cathode heater  i s  t u r n e d  o f f .  

This works fd r  t he  reason t h a t  the thermal decay t i m e  of t he  cathode 

(- 0.5 second) i s  far longer than t h e  e n t i r e  time taken by the  remain- 

ing events 

f o r  t h e  discharge, while possible  modulation of system c h a r a c t e r i s t i c s  

by t h e  presence of high A.C. cur ren ts  i n  t h e  ribbon during the  shot i s  

avoided . 

Thus, t h e  

s.),  and so, the cathode i s  s t i l l  e f f ec t ive ly  hot 

A t  t h i s  time a l so ,  a "reset"  pulse i s  applied t o  the  transformer 

core by means of a + t u r n  t e r t i a r y  winding and a low-voltage capaci tor .  

This i s  necessary because t h e  remenance of t he  core i s  high enough t o  

r e s u l t  i n  a s t a t i c  core b i a s  of several  ki logauss  a f t e r  t h e  unipolar 

pulse has passed. 

ava i lab le  a t o t a l  A B f o r  t h e  following pulse nearly twice as l a rge  a s  

would have been possible  f o r  a core with no hysteresis .  

The r e se t  pulse reverses  t h i s  c3re b ias ,  and makes 

2 )  

3 )  

The gas valve i s  opened. 

After a delay of 1 t o  10 mill iseconds,  (depending upon the  

propel lan t )  t h e  f i e l d  c o i l  pulse i s  switched on. 

4) Exactly 2 mill iseconds after t h e  f i e l d  c o i l  i s  turned on ( the  

f i e l d  r i se t ime) ,  t h e  main pulse l i n e  i s  f i r e d .  

Fig. 8 i s  a n  e l e c t r i c a l  schematic of t he  system, with t h e  operating 

sequence noted. 

A-4 External Measurements 

The system w a s  i n i t i a l l y  p u t  i n t o  operation with argon used as a 

propel lant ;  t h i s  gas has been used f o r  a l l  the  da ta  included i n  t h i s  repor t .  

7. 
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It w a s  found t h a t  because of leakage inductance i n  t he  transformer,  t h e  r i s e  

of  t he  current t o  i t s  steady value t akes  about 100 microsecands, and t h e  

decay t o  zero, beginning 400 microseconds l a t e r ,  a l so  t akes  about 100 

microseconds. However, t h e  a r c  voltage jumps t o  i t s  c h a r a c t e r i s t i c  l e v e l  

almost immediately, and remains t h e r e  u n t i l  t h e  decaying current  i s  less 

than a t en th  of i t s  s teady-state  value. Fig. 9 shows a three- t race  overlay 

of t h e  voltage and current  osci l loscope records f o r  pulse  l i n e  charging 

vol tages  of 2, 2.5, and 3 kv. It i s  p l a i n  t h a t  t h e  voltage i s  completely 

independent of current  f o r  a given bias f i e l d .  Fig. 10 i s  a p lo t  of arc 

voltage and current  f o r  d i f f e r e n t  b i a s  f i e l d s ,  and a constant pulse  l i n e  

charging voltage of 1200 vo l t s .  We conclude, on the  b a s i s  of t hese  data, 

t h a t  t h i s  acce lera tor  can be considered a t y p i c a l  MPD arc ,  at least i n  i t s  

e l e c t r i c a l  c h a r a c t e r i s t i c  s. 
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B. I n t e r n a l  Diagnostics 

B-1 General 

During the  recent semiannual period, t he  p r inc ipa l  a c t i v i t y  has been 

the  mapping of the  d i s t r i b u t i o n  of i n t e r n a l  current  and electromagnetic 

f i e l d s .  

development of adequate probes; i n  some cases, t h i s  i s  a non t r iv i a l  

problem, since the  demands made upon t h e  probes a r e  somewhat more s t r ingent  

than i s  t h e  case f o r  f a s t ,  high energy, impulsive systems, f o r  example. 

A l a rge  f r a c t i o n  of t h e  a c t u a l  e f f o r t  here  has  gone i n t o  t h e  

To specify t h i s  problem, one may consider magnetic f i e l d  probes. I n  

pr inc ip le ,  we may determine t h e  e n t i r e  d i s t r i b u t i o n  of current  within t h e  

a r c  by mapping the  magnetic f i e l d  and invoking Maxwell's equations. 

i s  not simple f o r  t he  MPD arc ,  however, because the  azimuthal magnetic 

f i e l d  Be , whose a x i a l  gradient  i s  proport ional  t o  Jr , t he  r a d i a l  current  

density,  i s  at most 100 gauss under our t y p i c a l  operat ing conditions,  while 

t h e  a x i a l  bias f i e l d  BZ i s  of the order  of 2000 gauss. 

reaches i t s  peak i n  only two milliseconds, and therefore  has a frequency of 

t h e  same order as that of t h e  a rc  pulse,  one cannot avoid t h e  spurious BZ 

pickup which results from imperfect o r i en ta t ion  of' t h e  B 

stratagems as employing detect ion bandwidth appropriate  f o r  one f i e l d  but 

not t h e  other .  

c o i l  a x i s  i s  accurately enough aligned t o  make t h e  BZ component negl ig ib le  

seems extremely d i f f i c u l t .  

This 

Since t h e  b i a s  f i e l d  

probe by such 0 

On the  other  hand, t h e  construct ion of a probe whose pickup 

O u r  procedure here has  been t o  construct a probe having two c o i l s :  

one, oriented as wel l  as possible i n  t h e  8 di rec t ion ,  has  t h e  large number 

of t u r n s  necessary t o  y ie ld  an adequate output from the  small t ransverse  

f i e l d ,  while t he  smaller second c o i l  i s  wound over the  f irst  and oriented 

9. 



t o  couple BZ d i r e c t l y .  The two outputs  are in tegra ted  separa te ly  by 

each of t h e  two channels i n  a Tektronix Type 0 opera t iona l  ampl i f ie r  

module, and then mixed i n  such p o l a r i t y  t h a t  t h e  spurious B cgmponent 

from t h e  0 c o i l  and t h e  output of  t h e  z-coi l  cancel  each other .  This  i s  

Z 

accomplished i n  a Tektronix I A l  preamplif ier  i n  i t s  d i f f e r e n t i a l  mode. 

A t  each f i e l d  point  t h e  nul l ing i s  f i r s t  ca r r i ed  out  by puls ing t h e  

bias c o i l  alone, and ad jus t ing  t h e  ga in  of  t h e  " t r i m  c o i l "  channel f o r  

zero base l ine  def lec t ion .  Any s igna l  appearing during t h e  main a r c  

pulse  w i l l  then  be pure Bo. 

Problems of t h e  same sor t  were encountered when "Rogowski co i l "  

cur ren t  probes were in se r t ed  i n t o  the discharge.  

c o i l  i s  used t o  measure, for example, t h e  current  i n  a wire which might 

be inser ted  through it, one f inds  t h a t  almost any c o i l  works w e l l  i n  

s p i t e  of  imperfections i n  t h e  d i s t r i b u t i o n  of the winding. 

i s  a l s o  a requirement f o r  a perfect  n u l l  output when the c o i l  i s  immersed 

i n  magnetic f i e l d s  set up by cu r ren t s  not threading through it; t h i s  i d e a l  

behavior i s  only r ea l i zed  when t h e  t o r o i d a l  winding has  per fec t  symmetry, 

When such a t o r o i d a l  

However, t h e r e  

- 

and i n  p a r t i c u l a r  no gaps such a s  u s i i a l l y  e x i s t  a t  t h e  connection point .  

Our  app l i ca t ion  i s  p a r t i c u l a r l y  d i f f i c u l t  i n  t h i s  regard, since,  again, t h e  

s e l f - f i e l d  due t o  t h e  plasma current  i s  much smaller than t h e  b i a s  f i e l d .  

Despite q u i t e  c a r e f u l  construction, we have found it impossible t o  make 

a c o i l  which ignores  t h e  b i a s  f i e l d  t o  t h e  extent  one would desire. 

ever, by bucking t h i s  spurious output aga ins t  t h e  output of a cur ren t  

de t ec to r  i n  t h e  bias c o i l  supply l i n e ,  (using t h e  mixing scheme described 

f o r  t h e  magnetic probes) w e  have been able t o  e l iminate  t h e  extraneous 

component. 

How- 

10. 



While we have employed a " p a r ~ e t e r - v a r i a t i o n "  scheme i n  t h e  i n i t i a l  

exploratory experiments on t h i s  device, (p r inc ipa l ly  t o  v e r i f y  t h a t  it i s  

ac tua l ly  a n  MPD a rc  i n  i t s  voltage and current c h a r a c t e r i s t i c s )  it was 

deemed necessary t o  approach the  i n t e r n a l  f i e l d  and cur ren t  mapping experi- 

ments from a n  e s s e n t i a l l y  opposite po in t  of view, i .e. ,  t o  adopt a s ingle  

se t  of operating parameters -- voltage, bias f i e l d ,  p rope l lan t  spec ies  

and flow rate -- and t o  keep these  constant throughout t h e  e n t i r e  series 

of probe experiments. 

ments a r e  t o  be r e l a t e d  i n  an i n t e l l i g i b l e  way t o  one another. 

complete set of measurements i s  i n  hand, it becomes sens ib le  t o  go t o  

some o ther  operating condition; indeed, one would a t  t h i s  point probably 

be a b l e  t o  make a very well-reasoned choice of new parameters. 

This i s  obviously necessary i f  t h e  various measure- 

Once a 

O u r  i n i t i a l  choice of "standard" conditions is ,  then, t h e  following: 

v = 75 v. 

I = 550 a. 

= 2200 gauss 
BZO 

Propellant:  Argon 

We a r e  not ye t  c e r t a i n  of t h e  propel lan t  flow rate and pressure 

because t h e  gauges employed i n i t i a l l y  (fast ion gauges or hot-wire anemo- 

meters) proved t o  be unreliable due t o  severe nonl inear i ty  (ion gauge) 

or  sluggish t r a n s i e n t  response (anemometer). It i s  poss ib le  t o  make a 

rough estimate,  however, from our knowledge of t h e  t o t a l  amount of gas  

admitted per shot,and t h e  duration of t h e  flow as indicated by t h e  other- 

w i s e  e r r a t i c  fast ion  gauge. 

during t h e  discharge t o  be on the order of 0.1 g/sec. 

On such a bas is ,  we estimate t h e  flow r a t e  

11. 



B-2 -Be Measurement s 

The f i r s t  attempts at i n t e r n a l  mapping were done with a BQ-oriented 

probe which was compensated fo r  B pickup, as described previously. I n  

a l l  t h e  following d iscuss ions  of s p a t i a l  d i s t r i b u t i o n s  of various quanti-  

t i es ,  we employ t h e  coordinate system shown i n  Fig. 11. Z = 0 i s  t h e  

Z 

rear insu la to r ,  Z = 7.5 ern i s  t h e  cathode t i p ,  and Z = 10.5 em i s  t h e  

edge of t h e  anode. 

and R = 4.4 em i s  t h e  inner w a l l  of t h e  anode. 

The main cathode support rods have a r ad ius  of 1 em., 

The b i a s  f i e l d  c o i l  i s  centered j u s t  over t h e  rear in su la to r  a t  Z = 0, 

and t h e  nominal value of t h e  f i e l d ,  BZo, i s  i t s  s t rength  a t  t h i s  pos i t ion .  

Fig. 11 shows some representa t ive  values of t h e  z-component of t h e  b i a s  

f i e l d  at  o ther  p o i n t s  i n  t h e  in te r -e lec t rode  region. 

The e a r l i e s t  B records which were obtained yielded c l e a r  evidence 0 

f o r  t h e  most c h a r a c t e r i s t i c  and dramatic f e a t u r e  of t h e  operation of t h i s  

a rc ,  namely t h e  r ap id ly  ro ta t ing ,  azimuthally nonuniform cur ren t  d i s t r i b u -  

t i on .  

(near the rear i n s u l a t o r )  and Z = 5.5 cm, which i s  c lose  t o  t h e  t i p  of t h e  

I n  Fig. 12 a r e  shown two p a i r s  of B ( t)  records, taken at Z = 1.5 c m  0 

catiiode. The radius was 2 cm. 

Average Be during t h e  600 microsecond pulse i s  t h e  same at  both 

axial pos i t ions ,  ind ica t ing  t h a t  t h e r e  i s  negl ig ib le  r a d i a l  cur ren t  flow 

between them; however, t h e  strength of t h e  r a t h e r  pure high frequency 

modulation i s  markedly stronger near t h e  muzzle. 

a l l y  if t h e  cur ren t  between e lec t rodes  were mainly confined i n  a r a d i a l  spoke 

This would occur natur- 

which undergoes rap id  azimuthal ro t a t ion .  

The r o t a t i o n  hypothesis was t e s t e d  by t h e  use of a p a i r  o f  B 

which were placed a t  t h e  same r and z, but 180' apar t  i n  azimuth. 

frequency components indeed displayed a 180' r e l a t i v e  phase s h i f t .  

probes 

The high 

e 

12. 
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B-3 RoRowski Coil Current Measurement S, 

4 

I n i t i a l l y  i n  t h i s  program, it was hoped t h a t  mapping of B ( r , z )  

would su f f i ce  t o  allow a spec i f ica t ion  of t h e  t o t a l  current  d i s t r ibu t ion .  

Such a p o s s i b i l i t y  r e s t s  l a rge ly  upon t h e  assumption that the  discharge 

i s  azimuthally uniform, f o r  then, 

and while t h e  combination of four terms from th ree  separate two-dimensional 

mappings i s  somewhat cumbersome, it i s  manageable. The appearance of a 

r a the r  extreme azimuthal nonuniformity adds two more terms t o  t h e  c u r l  

B equation, and r equ i r e s  three-dimensional mappings of a l l  th ree  components, 
+ 

which would be extremely d i f f i c u l t  t o  accomplish. and t o  coordinate. 

I n  t he  face of t h i s  s i tua t ion ,  it was decided t o  employ Rogowski c o i l  

probes i n  order t o  measure current d e n s i t i e s  d i r e c t l y .  The ordinary 

object ion t o  t h e  use of such probes i n  a plasma system i s  t h a t  they a r e  

i n t r i n s i c a l l y  more cumbersome than B probes, and accordingly, have poorer 

s p a t i a l  r e so lu t ion  as well  a s  presenting a. l a r g e r  per turbat ion t o  the  

plasma. However, i n  t h i s  instance, these  disadvantages appeared t o  be 

outweighed by t h e  s ing le  advantage of obtaining a f a i r l y  d i r e c t ,  if some- 

what approximate, determination of the  current  flow pa t te rn .  

I n i t i a l  surveys were done with a c o i l  having an  open c i r c u l a r  aper ture  

2.5 cm i n  diameter, and a minor cross  sect ion of the  t o r u s  of about 4 mm. 

(It seems reasonable t o  expect t h a t  i f  the  aspect r a t i o  of the  co i l ,  i.e., 



I .  

t he  r a t i o  of maJor t o  minor diameter, i s  large,  t h e  current  flow a c t u a l l y  

measured should suf fer  minimal per turbat ion.  ) The problems of construct-  

ing a well-balanced, or evenly d i s t r i b u t e d  c o i l  with min ima l  feedpoint 

e r r o r  consumed a fa i r  mount  of time here. Final ly ,  a mixing scheme w a s  

used t o  cancel  out s t r a y  b i a s  f i e l d  components, as described e a r l i e r ,  

although t h i s  l a rge  1-inch c o i l  suffered from imbalance much less than  did 

la ter  , mor e compact u n i t  s , 

It was found by the  use of t h i s  sensor, then, t h a t  t h e  current  flow 

i s  indeed sharply loca l ized  i n  azimuth. Fig. 13 i s  a set of in tegra ted  

Rogowski c o i l  s igna l s  of J taken at  two d i f f e r e n t  rad i i ,  one near t he  

cathode and t h e  o ther  near t h e  anode. Seven values of z a r e  covered. The 

sweep speed used i n  t h i s  presentat ion i s  10 psec/cm, with t h e  scope sweep 

delayed u n t i l  s teady-state  condi t ions have been achieved; t h e  sweep delay 

used here  i s  300 psec. Since the  shot-to-shot phase of t h e  plasma r o t a t i o n  

i s  random with respect  t o  t h e  i n i t i a l  t r i g g e r  pulse, t h e  phase d i f f e rences  

between these  p i c t u r e s  have no s ignif icance.  

Several  po in t s  a r e  obvious from these  photos, however. F i r s t ,  one 

r 

sees  t h a t  at r = 3.5, (- 1 cm from t h e  anode) t h e  current  i s  highly loca l -  

ized i n  both z and e, i .e.,  it i s  a t h i n  spoke, which connects t o  t h e  

anode i n  t h e  v i c i n i t y  of i t s  l i p  a t  z = 10.5 em. The r o t a t i o n  rate i s  ex- 

tremely regular  at about 31 kc. 

out considerably, both i n  z and 8, although by tak ing  t h e  r-or iented c o i l  

t o  r = 1.5 (ac tua l ly ,  t h e  d is tance  between t h e  c o i l  plane and the  a x i s )  

we have reduced i t s  0-resolution t o  about 80 , and so, must  a t t r i b u t e  some 

of t h e  apparent azimuthal spread t o  t h i s  instrumental  e f f ec t .  

ins tance,  one sees  t h e  radial c u r r e n t  flow extending from about t h e  cathode 

t i p  t o  a t  l e a s t  2 cm pas t  t h e  anode. 

Nearer t h e  cathode, t h e  flow i s  spread 

0 

I n  t h i s  

14. 



r = 3 . 5  r =  1.5 
0.05 v k m  0.C2 v / c m  

Fig .  13. J ( t)  t r a c e s  for  var ious r and 2. The phase d i f f e rences  

between d i f f e r e n t  t r a c e s  a r e  not s ign i f i can t  (see t e x t ) .  
r 
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We have used t h e  Rogowski c o i l  t o  i n s e r t  one add i t iona l  set of 

"parameter studies" before continuing on with t h e  d e t a i l e d  probing; t hese  

a r e  measurements of t h e  r o t a t i o n  frequency as a func t ion  of b i a s  f i e l d  

and cur ren t .  

d r iven  by J x B , t h e  frequency can be expected t o  have some dependence 

Since it seems obvious t h a t  t h e  r o t a t i o n  of t h e  spoke i s  
+ +  

upon t h e  imposed cur ren t  and b i a s  f i e l d .  

and 15, t h i s  dependence ex i s t s ,  although it i s  not extremely simple. 

A s  can be seen from Figs. 14 

It 

i s  reasonable t h a t  t h i s  should be so, since v a r i a t i o n  i n  e i t h e r  t h e  t o t a l  

cur ren t  or B has  t h e  l i k e l y  e f f e c t  of moving t h e  a x i a l  pos i t i on  of t h e  

discharge, t h u s  r e -d i s t r ibu t ing  t h e  current,  and i n  p a r t i c u l a r ,  changing 

t h e  f r a c t i o n  of BZo which represents  t h e  e f f e c t i v e  f i e l d  s t rength  i n  t h e  

spoke 

20 

B-4 Phase-Triggered Data Presentation. 

With t h e  appearance of the  spoke-like d i s t r i b u t i o n  of discharge 

cur ren t ,  it became evident t h a t  various mappings of such parameters as 

E, B, and. J could never be cor re la ted  un less  t h e r e  were a p o s s i b i l i t y  of 
4 - b  + 

r e l a t i n g  t h e i r  r e l a t i v e  azimuthal phases. It i s  c l e a r  t h a t  i f ,  f o r  example, 

t h e  d a t a  from a given probe exh ib i t s  a s u f f i c i e n t l y  uniform o s c i l l a t o r y  

behavior with spoke ro t a t ion ,  w e  can immediately r e l a t e  i t s  time phase as 

displayed on t h e  oscillograms of Fig. 13, f o r  example, t o  t h e  azimuthal 

coordinate, 0 .  I n  o the r  words, t h e  uniform r o t a t i o n  of  t h e  d i s t r i b u t i o n  

has  presented us with a free g i f t  of a ful l  three-dimensional mapping even 

though t h e  probe ca r r i age  moves only along r and z. 

The t roub le  i s  t h a t , a s  mentioned before, t h e  r o t a t i o n  phase i s  

random with respec t  t o  t h e  beginning of t h e  pulse, and so, with t h e  

recording osc i l loscope  t r iggered  by t h e  l i n e  f i r i n g  signal,  t he re  i s  no 
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hope of comparing t h e  r e l a t i v e  8 displacements of da t a  taken on successive 

shots  of t he  machine. 

We have overcome t h i s  d i f f i c u l t y  by the  expedient of using a perman- 

en t ly  i n s t a l l e d  "phase reference probe" t o  ac t  a s  t he  osci l loscope t r i g g e r .  

This B 

I t s  unintegrated output i s  i dea l  f o r  t h i s  function, since it i s  an extremely 

c o i l  i s  mounted j u s t  outs ide the  anode l i p ,  a s  seen i n  Fig. 16. e 

short  spike which appears each time t h e  discharge spoke passes. This t r i g g e r  

mode c a r r i e s  t he  fu r the r  s i n g u l a r  advantage t h a t  t h e  scope can  be swept on 

every ro t a t ion ,  o r  every other r o t a t i o n  of t h e  current ,  (depending on 

sweep speed) and thus,  we obtain an overlay of many data t r a c e s  on a 

s ing le  shot of t h e  machine. 

It i s  obviously des i rab le ,  however, t h a t  t h i s  mult i - t race recording 

be done only during t h a t  port ion of the  pulse when the  discharge i s  i n  

i t s  steady s t a t e .  

ga t ing  of t he  osci l loscope z-axis (beam i n t e n s i t y )  so t h a t ,  i n  a t y p i c a l  

To meet t h i s  c r i t e r i o n ,  we have employed a delayed 

instance,  only the  t r a c e s  t r iggered during the  second 200 psec of t h e  pulse 

a r e  recorded. 

We a r e  enabled a l so ,  by the  use of t h i s  scheme, t o  ass ign t o  t h e  

azimuthal d i s t r i b u t i o n s  a probable e r r o r  based upon t h e  cycle-to-cycle 

s c a t t e r  i n  t h e  da ta .  With a s  many a s  eight  t r a c e s  appearing i n  some 

records,  t he  assignment of t h i s  " s c a t t e r  e r ro r "  can be done with some 

confidence. 

Fig. 17, which presents  E8(Q) ,  a measurement t o  be discussed below, 

i s  a sample of da t a  t a k e n  i n  t h i s  way. 

current  measurements, however. 

We w i l l  f i r s t  mention c e r t a i n  

16. 



Fig. 16. Muzzle region of accelerator ,  showing phase reference probe 
(L-shaped), together  with d i f f e r e n t i a l  E-probe. 



. 

- 8 ,  0 .  

ai 
N $  I I  

L & 

k 
- 0  
b $ 2  

0 
.rl 

t 

fi 
0 
k 
k 

ai * 
ai a 
3 
5 
P 

d 

* 
Q, 
d 
P4 

v i  

3 a 
m 

. + 
rl 

bo 
d 
fr 

L 



B-5 Spa t i a l  D i s t r ibu t ion  of J . r 
The phase-triggering scheme allowed an inves t iga t ion  i n t o  t h e  question 

of whether t h e  cur ren t  spoke, o r  cur ren t  "fan",  as implied from t h e  d a t a  of 

Fig. 13 l i e s  i n  t h e  r -z  plane, or whether, as some models of i t s  behavior 

might suggest, it has t h e  form of a s p i r a l  as seen from t h e  f r o n t .  

We have found that t h e  current peak i s  i n  f a c t  i n  an  r-z  plane, i.e., 

t h a t  t h e r e  i s  no observable phase d i f f e rence  i n  t h e  cur ren t  dens i ty  as t h e  

Rogowski c o i l  i s  moved along r or  along z. 

I n  order t o  look f o r  a s p i r a l  current s t r u c t u r e  i n  another, and perhaps 

more sens i t i ve  way, w e  examined t h e  Rogowski c o i l  output with i t s  o r i en ta -  

t i o n  i n  t h e  J d i r ec t ion .  

major a x i s  along e.) 

(The t o r o i d a l  c o i l  l a y  i n  t h e  r - z  plane, with i t s  0 

If t h e  current s p i r a l s ,  one expects t o  observe a momen- 

t a r y  pulse of cur ren t  i n  one d i r e c t i o n  each t i m e  t h e  spoke sweeps over t h e  

c o i l ,  t h i s  pulse corresponding t o  t h e  0-component of t h e  cur ren t  s p i r a l  

pa t t e rn .  What was a c t u a l l y  observed was a p o s i t i v e  pulse immediately followed 

by a nearly i d e n t i c a l  negative pulse,  with t h e  zero crossover occurring at t h e  

phase of t h e  cur ren t  maximum f o r  Jre This result i s  e a s i l y  in t e rp re t ed  as 

meaning t h a t  t h e  cur ren t  maximum l i e s  along a r ad ius  (no s p i r a l ) ,  but that 

t h e  channel f a t t e n s  out r ap id ly  f o r  smaller r a d i i ,  t h u s  introducing azimuthal 

- 

components of opposite s igns  on opposite s ides  of t h e  peak. This r e s u l t  i s  

n i c e l y  consonant with t h e  r e s u l t s  of Fig 13, a l so .  

A t  t h i s  point,  w e  draw a s ign i f i can t  conclusion: This MFD a rc  c a r r i e s  

no azimuthal current,  cont ra ry  t o  t h e  widely held view t h a t  azimuthal " H a l l  

cur ren t"  i s  t h e  p r i n c i p a l  agent f o r  acce le ra t ing  MPD a rc  plasmas. 

O u r  determination of t h e  d e t a i l s  of cur ren t  flow i s  incomplete, however, 

s ince  we have not ye t  measured J . 
j u s t  been made, but no measurements have been done. 

The Rogowski c o i l  f o r  t h i s  purpose has  
z 



B-6 Azimuthal E lec t r i c  Field,  Ee . 
The azimuthal e l e c t r i c  f i e l d  E i s  of fundamental i n t e r e s t  i n  t h e  e 

MPD arc. because, i n  p a r t i c u l a r ,  it cannot e x i s t  i n  a steady state discharge 

which i s  azimuthally uniform. This follows simply from Faraday's l a w ,  
-b 

which, as t h e  i n t e g r a l  form of Maxwell's c u r l  E equation, says t h a t  

where @ i s  t h e  t o t a l  magnetic f lux  through t h e  contour around which E i s  

in tegra ted .  If t h e  in t eg ra t ion  contour i s  a c i r c l e  of r ad ius  r surround- 

ing  t h e  ax is ,  t h i s  becomes 

0 

which must equal zero f o r  steady s t a t e  even i f  Ee(0)  i s  not uniform. 

With azimuthal symmetry, however, Ee must be equal f o r  a l l  0 ,  and so, must 

be i d e n t i c a l l y  zero. 

The t roub le  with E = 0 i s  t h a t  t h i s  condition does not allow t h e  e lec-  e 
t r o n s  t o  c a r r y  the main discharge cur ren t  regard less  of t h e  value of 

t h e  H a l l  parameter. We reason that t h e  aximuthal fo rce  J B applied t o  t h e  

plasma i s  applied d i r e c t l y  t o  t h e  e lec t rons ,  and thus, t h e  azimuthal momen- 

tum transfer t o  ions  mus t  occur e i t h e r  through an  azimuthal E 

or through a d i r e c t  viscous drag. 

w t  , 
r z  

(not permitted) e 
But an a?.imuthal drag upon ions  by e l ec t rons  

i s  i t s e l f  a r e s i s t i v e  cur ren t  flow which must be accompanied by a n  E8 

not permitted. 

must ca r ry  a f r a c t i o n  of t h e  t o t a l  r a d i a l  cur ren t  equal t o  t h e i r  f r a c t i o n  of 

- again 

It i s  therefore  a necessary consequence of Ee = 0 t h a t  i ons  

t h e  t o t a l  mass density,  i.e.,  near ly  a l l  of it. 

18. 



If the  system i s  not azimuthally uniform, however, we need only meet 

t he  requirement t h a t  
aft 

which allows f o r  l o c a l  departures  of E 

r a d i a l  e lec t ron  current  t o  flow. 

away from zero, and thus  allows e 

-4 

We measure E i n  t h e  plasma by using the  d i f f e r e n t i a l  f l o a t i n g  probe 

technique, i n  which a p a i r  of e lectrodes i s  exposed t o  the  plasma at two 

neighboring points ,  and the  d i f fe rence  i n  t h e i r  f l o a t i n g  p o t e n t i a l s  i s  

recorded. 

p o t e n t i a l  i s  a l s o  the  d i f fe rence  i n  space po ten t i a l ;  t he  e r ro r  i n  t h i s  

assumption i s  due t o  whatever d i f fe rence  i n  e l ec t ron  temperature the re  may 

be between the  two electrodes,  since 

A s  an approximation, we assume t h a t  t h e  d i f fe rence  i n  f l o a t i n g  

so 

Now d i s  usually i n  the neighborhood of 3 or 4, and so, f o r  a 

plasma temperature of lev ,  f o r  example, 

I n  a n  extreme case of an electron temperature gradient  of 1 ev/cm or  more, 

and an ac tua l  e l e c t r i c  f i e l d  of l e s s  than 5 v/cm or so, t h e  assumption t h a t  

d k T e  could amount t o  3 or 4 vo l t s .  

AV, = AV 

temperature grad ien ts  t h i s  la rge  except a t  t h e  walls,  and, addi t iona l ly ,  t h e  

l o c a l  e l e c t r i c  f i e l d s  a r e  usual ly  l a rge r  than 5 v/cm. 

i s  not a good one; howevzr, it i s  very unl ike ly  t h a t  we encounter 
SP 



Fig. 17 shows E e ( t ) ,  which converts d i r e c t l y  t o  Ee(3 ) ,  f o r  t h ree  r a d i i .  

These curves a r e  seen t o  repeat r a the r  well  from one ro t a t ion  cycle t o  another, 

and it i s  c l e a r  t h a t  they in tegra te  very nearly t o  zero over a cycle. 

We may make a rough estimate of e lec t ron  densi ty  here, if w e  a l s o  i n s e r t  

t he  assumption t h a t  e lec t rons  car ry  the  e n t i r e  current.  I n  such an instance,  

t h e  azimuthal force  per un i t  volume i s  applied t o  t h e  ions by the  Ee f i e l d ,  

and since t h e  ions contain nearly a l l  of t h e  plasma mass, t h i s  force  i s  

equal t o  J x B on t h e  electrons.  
- 4  

Thus, 

We se t  ni ne , and neglect t h e  add i t iona l  term JZBr, which i s  su i tab ly  

small i n  c e r t a i n  regions. Then, 

A t  z = 10.5 cm, and r = 3 cm, approximate values of t h e  f i e l d  q u a n t i t i e s  

are : 

BZ = 400 gauss 

J~ = 200 amperes/cm 

E~ = 5 v/cm 

2 

These y i e ld  

n = 1 0 ~ 5  cm-3 e 

20. 



B-7 Spa t i a l  Po ten t i a l  Dis t r ibu t ion  

I n  order t o  obtain,  f o r  a p a r t i c u l a r  azimuth, a two-dimensional 

representat ion of t h e  e l e c t r i c  f i e l d  i n  t h e  r-z  plane, w e  have employed 

a s ingle-electrode f l o a t i n g  probe, and made contour maps of p o t e n t i a l  

( f loa t ing ) ,  from which e l e c t r i c  f i e l d s  can be infer red .  

19 a r e  such maps, t h e  f i r s t  being t a k e n  at t h e  azimuth of t h e  current  spoke, 

and t h e  second, 180' away. 

t e n t i a l s  l i e  approximately along t h e  magnetic f i e l d  l i n e s .  

s ignif icance i s  t h e  a c t u a l  l e v e l  of p o t e n t i a l  within t h e  in te re lec t rode  

region. The contours are labeled with t h e i r  p o t e n t i a l s  with respect  t o  

t h e  cathode; one can see t h a t  i n  t h e  region where t h e  current  flow occurs, 

t hese  a r e  general ly  l e s s  than  50 vo l t s ,  and ye t  a t o t a l  of 80 vo l t s  i s  

appl ied between t h e  electrodes.  

dropping about 30 vo l t s ,  over t h e  anode. 

Figures 18 and 

It appears t h a t  (not unexpectedly) t h e  equipo- 

O f  p a r t i c u l a r  

It i s  p l a i n  t h a t  t he re  i s  a t h i n  sheath, 

Nearly 40qd of t h e  input power 

i s  thus  d iss ipa ted  i n  t h i s  narrow region. 

B-8 Beam Analysis 

Work has j u s t  begun on ana lys i s  of t h e  downstream plasma by means of 

a gridded e l e c t r o s t a t i c  p a r t i c l e  analyzer.  

of 12 "pinhole" aper tures ,  followed, after a su i t ab le  plasma expansion d i s -  

tance,  by a negatively charged fine-mesh g r id  which separates  out plasma 

e lec t rons ,  and then a coarse secondary emission suppressor, and a biased 

co l l ec to r  p l a t e ,  i n  order.  

This device cons i s t s  of an a r r ay  

I n  preliminary t e s t s ,  t h i s  analyzer was placed 1.6 meters from t h e  

muzzle of t he  acce lera tor  and produced an  output near ly  i d e n t i c a l  i n  shape 

t o  t h e  current  pulse  i n  t he  arc,  b u t  displaced 200 microseconds i n  time, 

implying a plasma ve loc i ty  of about 0.8 cm/psec, which corresponds t o  a 

k i n e t i c  energy of about 13 ev f o r  argon. 

3 1  
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So far, the o.;tput of  t h i s  instrument has been contaminated by some 

extraneous noise, and has a somewhat inadequate frequency response, due 

t o  the  high output impedance the col lector  m u s t  r u n  into f b r  adequate 

output. We expect t o  improve t h i s  s i tuat ion by including a n  F. E. T. 

type of emitter follower within the  probe and improving c i r cu i t  shielding. 
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C Discussion 

.Since the experimental data so fa r  obtained are incomplete, it i s  

hazardous t o  attempt any general analysis  of t he  arc  operation; indeed, 

t h i s  may be a n  overly ambitious undertaking when our f i e l d  maps a re  done. 

There are, however, some general conclusions one may reach on the  bas i s  

of what informat ion has been obtained. 

F i r s t ,  it seems l i k e l y  that  the system i s  sustaining major losses  

of plasma through centr i fugal  "spinning" in to  the  anode w a l l .  

conclusion r e s t s  upon our  observation tha t  a r ad ia l  Lorentz force compo- 

nent does not seem t o  ex is t ,  and t h i s  would be necessary t o  confine, 

radial ly ,  the  plasma which has been given azimuthal velocity by the  

substant ia l  J r B z  and JZBr. The rotat ing current column may o r  may not 

actual ly  ionize and entrain the flowing neutral  gas within i t s e l f ;  the  

the magnitude of Eo, integrated across the width of the spoke, suggests 

t ha t  t h i s  actual ly  does occur. Nevertheless, even i f  there  i s  a r e l a t ive  

Such a 

azimuthal velocity between the plasma and the  current dis t r ibut ion,  the  

plasma neccsswily possesses considerable angular velocity, and unless a 

r ad ia l  component of J x B exis ts ,  losses  t o  t he  w a l l  wodd seem inevitable.  
- + - b  

Secondly, it i s  c lear  that  the  acceleration process i n  t h i s  arc i s  

not a n  interact ion between a n  azimuthal H a l l  current and the  r ad ia l  cam- - 
ponent of the expanding b ias  f i e l d  a t  the end of t he  accelerator.  N o  n e t  

azimuthal current flows. 

One might propose the hypothesis t ha t  the acceleration occws  throdgh 

a two-stage process consisting of (1) a simple ionizing and heating of the 

gas by the  r ad ia l  discharge; followed by an expansion of t h i s  plasma i n  

the ''magnetic nozzle" formed by the b i a s  c o i l  f i e l d .  This mechanism appears 

somewhat unlikely, however, for  the following reason: One f inds  tha t  the 
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gyro radius f o r  any argon ion formed from r e s t  i n  the  combined E and B 

f i e l d s  near the  arc  i s  much larger than the  dimensions of the  system, 

typ ica l ly  24 cm or so. Thus, any nozzle expansion of the  plasma must  

occur through f i r s t ,  an ax ia l  force 

being applied t o  the  electrons, and then an e l ec t ros t a t i c  space-charge 

separation f i e l d  being established t o  actual ly  accelerate the ions.  

(This i s  necessary because the ions, t o  the  extent t ha t  t h e i r  gyro r a d i i  

a r e  very large compared t o  the system, a re  decoupled from the B f ie ld . )  

We note i n  Figures 18 and 19, however, t ha t  the  e l e c t r i c  f i e l d  along B i s  

very small; since our plot  of B i s  as yet incomplete, we cannot state fo r  

cer ta in  tha t  the  B l i n e s  a re  exact equipotentials, but the shape of the  

poten t ia l  contours suggests t h i s  qui te  strongly. 

Against t h i s  argument, however, one may make the  point t ha t  i n  order 

t o  have magnetic nozzle expansion i n  t h i s  instance, the  in tegra l  of E 
II 

along the  f i e l d  from the  arc  t o  i n f i n i t y  only has t o  equal the  electron 

temperature; thus local E i t s e l f  may be large enough f o r  such expansion 

even though it i s  small compared t o  E and, i n  t h e  crude sor t  of visual  

comparisons we have done here, may be indistinguishable from zero. 

II 

I’ 

Further 

refinement of our f i e l d  p lo t s  w i l l  be necessary i n  order t o  make a c lear  

decision on t h i s  point. 



Figure Captions 

Fig. 1. Cutaway view of accelerator structure.  

Fig. 2. View in to  muzzle of accelerator.  

Fig. 3. Insulator and gas valve assembly. 

Fig. 4. Cathode Ribbon and support structure.  

Fig. 5. Rear of accelerator assembly, showing cathode heater 
transformer (bottom edge of p ic ture)  and a portion of 
the  main  pulse transformer ( top of picture) .  

Fig. 6. Overall view of vacuum system. 

Fig. 7. In te r ior  of tank. The s t ructure  on the tank f loor  i s  the  
two-axis hydraulic probe carriage.  The e l ec t ros t a t i c  beam 
analyzer i s  i n  the  upper foreground. 

Fig. 8. Elec t r ica l  schematic of system, with delay sequence a t  
lower l e f t .  

Fig. 9. Discharge current (upper t r aces )  fo r  l i n e  charging voltages 
of 2, 2.5, and 3 dv. 
loop s/cm. 

Lower t r aces  are discharge voltage (3 superimposed f o r  the  
above charge voltages). 

Vertical ,  1000 amperes/cm; horizontal ,  

Vertical, 50 v/cm. 

Fig. 10. Arc voltage and current as a function of applied a x i a l  b i a s  
f i e l d .  E3 i s  t h e  f i e l d  beneath the  c o i l  at  z = 0, t he  

rear insulator.  (c f ,  Fig,  11). The pulse l i n e  voltage i s  
1200 v f o r  a l l  points. 

20 

Fig. 11. Arc geometry, showing the  coordinate system used i n  f i e l d  
mapping. 
fo r  BZo = 2200 gauss. 

Two t races  each of B ( t )  f o r  z = 1.5 cm (near insulator)  and 
z = 5.5 cm (near cadode) .  

The arrows show values of BZ at various posi t ions 

Fig. 12. 

Fig. 13. J ( t )  t r aces  f o r  various r and z. The phase differences 
between different  t races  are  not significant (see text) .  
r 

- Fig. 14. Rotation frequency 8 s  a function of arc current.  BZo - 
2200 gauss. 



Fig. '15. 

Fig. 16. Muzzle region of accelerator, showing phase reference probe 

Rotation frequency a s  a function of BZo. 

(L-shaped), together with d i f f e ren t i a l  E-probe. 

E ( t )  i n  region of ro ta t ing  spoke. 

allows multiple-overlay data  from single arc pulses. 

Fig. 17. Phase-probe t r iggering 0 

Fig. 18. 

Fig. 19. Floating potent ia ls  180 away from spoke. 

Floating potent ia ls  i n  arc a t  the azimuth of the spoke. 

0 

, 



-- 
ERRATUM p. 18 

The argument given on the bottom of p.18 i s  i n  e r ro r ,  as may be seen 

by the  following ana lys i s  of  , t he  generalized Ohm's l a w :  

I n  general ,  

The azimuthal component of this r e l a t i o n  is:  

where we neglect  Be i n  comparison t o  BZ. 

Assume azimuthal symmetry and steady s t a t e ;  then 

Assume a l so  t h a t  t he  d i r e c t  radial ion  cu r ren t  i s  negl igible ,  i . e . ,  

t h a t  vr 0; then 

as i s  w e l l  known. 
4 

The plasma thus experiences an azimuthal j r( 3 acce lera t ion  component 

where momentum i s  t r a n s f e r r e d  t o  ions  through e l ec t ron  co l l i s ions ,  bu t  where 

does not equal  7'6 t he  e l e c t r i c  f i e l d  i t s e l f  has  no azimuthal component. 

Ee , as implied i n  the  t e x t .  

W e  are indebted t o  Dr .  Jan Rescesziewski f o r  br inging our a t t e n t i o n  t o  

this poin t .  


